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In this paper, a numerical code, RFPA2D (rock failure process analysis), was used to simulate the initiation
and propagation of fractures around a pre-existing single cavity andmultiple cavities in brittle rocks. Both
static anddynamic loadswere applied to the rock specimens to investigate themechanismof fracture evo-
lution around the cavities for different lateral pressure coefﬁcients. In addition, characteristics of acoustic
emission (AE) associated with fracture evolution were simulated. Finally, the evolution and interaction
of fractures between multiple cavities were investigated with consideration of stress redistribution andracks
ynamic loading
umerical simulations
coustic emission (AE)
eterogeneity
transference in compressive and tensile stress ﬁelds. The numerically simulated results reproduced pri-
mary tensile, remote, and shear crack fractures, which are in agreement with the experimental results.
Moreover, numerical results suggested that both compressive and tensilewaves could inﬂuence the prop-
agation of tensile cracks; in particular, the reﬂected tensile wave accelerated the propagation of tensile
cracks.
© 2013 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.
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p. Introduction
The stability of cavities in the presence of static and dynamic
oads has long been the subject of intensive studies in mining
nd civil engineering. Extensive examinations of fracture evolu-
ion around a single pre-existing cavity have been completed (Gay,
976; Hoek and Brown, 1980; Ewy and Cook, 1990; Carter et al.,
991; Carter, 1992; Ingraffea, 1997). The fracture patterns under
ncreasing uniaxial compression generally consist of primary frac-
ures (T1), remote fractures (T2) as well as shear fractures (NS)
see Fig. 1). Primary fractures form at the center of the crown and
nvert due to the high local tension. Remote cracks format a remote∗ Corresponding author. Tel.: +61 2 49215745.
E-mail address: Shanyong.Wang@newcastle.edu.au (S.Y. Wang).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
cademy of Sciences.
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sosition from the cavity, while shear fractures develop where high
ompressive stresses exist (Lajtai and Lajtai, 1975).
Under static or dynamic loads, fractures can initiate from cav-
ties and propagate. Meanwhile, new cracks may be initiated. The
amage caused by micro-cracking is the main dissipation process
ssociated with inelastic behavior and failure in brittle rock. In
his case, rock failure occurs due to a progressive material degra-
ation, micro-cracks initiate and propagate on a small scale, and
hen coalesce to form large-scale macroscopic fractures and faults
Souley et al., 2001). To describe this mechanism of crack evolu-
ion around cavities, micromechanical fracture models have been
roposed based on experimental studies.
Based on continuum damage mechanics, many damage mod-
ls have been developed to study the dynamic damage evolution
f brittle materials with micro-ﬂaws and cavities (Grady and Kipp,
979; Suaris and Shah, 1985; Taylor et al., 1986; Fahrenthold, 1991;
ang et al., 1996; Yazdchi et al., 1996; Liu and Katsabanis, 1997; Li
t al., 2001; Huang et al., 2002). Most of these models were devel-
ped by combining the theory of fracturemechanicswith a statistic
reatment to account for the random distribution of micro-cracks.
Although many numerical methods, including ﬁnite element,
oundary element, ﬁnite difference and discrete element methods
o well in simulating the nonlinear behaviors of rock deformation,
ost of them do not consider the effects of strain rate on the rock
trength, and they cannot demonstrate progressive failure due to
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〈Fig. 1. Fracture pattern of plas
ock heterogeneity, which is the primary cause of nonlinear behav-
or. Therefore, a more reasonable numerical code RFPA2D (rock
ailure process analysis) was developed (Tang et al., 1993, 2000;
ang, 1997; Tang and Kou, 1998). This code, which considers the
ffects of strain rate on rock strength, has been successfully applied
o studying the dynamic failure process of rock (Chau et al., 2004;
hu and Tang, 2006; Wang et al., 2011).
It is noted that, although there are some limitations, the labo-
atory experimental and numerical tests on small scales still have
heir own advantages. For example, it is easy to control the load-
ng/boundary conditions, and also can monitor more data during
he failure process of specimen. In this paper, RFPA2D was used to
imulate the evolution of static and dynamic fracture initiation and
ropagation around pre-existing cavities in brittle rock. Moreover,
he characteristics of acoustic emission (AE) associated with the
racture evolutionwere simulated. Finally, the evolution and inter-
ction of fractures between multiple cavities were investigated by
tress redistribution and transference in compressive and tensile
tress ﬁelds.
. Brief description of RFPA2D
RFPA2D (Tang, 1997) is a two-dimensional ﬁnite element code
hat simulates fracture and failure processes of quasi-brittle mate-
ials such as rocks. To model the failure of rock material (or rock
ass), rock medium is assumed to be composed of many meso-
copic rectangle elements of the same size. Thematerial properties
f these elements are different and can be speciﬁed according to a
eibull distribution. These elements are considered as four-node
soparametric elements in a ﬁnite element analysis. Elastic damage
echanics is used to describe the constitutive laws of the meso-
cale elements, and the maximum tensile strain criterion and the
ohr–Coulomb criterion are utilized as damage thresholds (Zhu
nd Tang, 2004).
.1. Elastic damage constitutive law
The damage mechanics approach is employed to model the
echanical behavior ofmeso-scale elements. For each element, the
aterial is assumed to be linearly elastic, isotropic and damage-
ree before loading. Its elastic properties are deﬁned by the elastic
odulus and Poisson’s ratio. Based on elastic damage mechanics,
he strength and stiffness of the element are assumed to degrade
radually as damage progresses. The elastic modulus of the dam-
ged material is given by
= (1 − ω)E0 (1) sples (Lajtai and Lajtai, 1975).
here ω represents the damage variable; E and E0 are the elastic
oduli of damaged and undamaged materials, respectively.
The damage variable of the mesoscopic element under uniaxial
ension is expressed as (Zhu and Tang, 2004; Wang et al., 2011):
=
⎧⎪⎪⎨
⎪⎪⎩
0 (ε > εt0)
1 − ftr
E0ε
(εtu < ε ≤ εt0)
1 (ε ≤ εtu)
(2)
here E0 is the elastic modulus of undamaged material; ftr is the
esidual tensile strength, which is given as ftr =ft0 =E0εt0, ft0 and
are the uniaxial tensile strength and residual strength coefﬁcient,
espectively; εt0 is the strain at the elastic limit,which can be called
he threshold strain; and εtu is the ultimate tensile strain at which
he element is completely damaged. The ultimate tensile strain is
eﬁned as εtu =εt0, where  is the ultimate strain coefﬁcient (Zhu
nd Tang, 2004, 2006). Eq. (2) can be written as (Zhu and Tang,
004; Wang et al., 2011):
=
⎧⎪⎪⎨
⎪⎪⎩
0 (ε > εt0)
1 − εt0
ε
(εtu < ε ≤ εt0)
1 (ε ≤ εtu)
(3)
In addition, it is assumed that damage to mesoscopic elements
nmulti-axial stress states is also isotropic and elastic (Tang, 1998).
he damage to the elements occurs in the tensile mode whenever
he equivalent major tensile strain, ε¯, is greater than the threshold
train, εt0. The equivalent principal strain, ε¯, is deﬁned as follows
Wang et al., 2011):
¯ = −
√
〈−ε1〉2 + 〈−ε2〉2 + 〈−ε3〉2 (4)
here ε1, ε2 andε3 are three principal strains; and <·> is a function
eﬁned as follows (Zhu and Tang, 2004):
x〉 =
{
x (x ≥ 0)
(5)0 (x < 0)
The constitutive law of the element subjected to multi-axial
tresses canbeeasilyobtainedbysubstituting theequivalent strain,
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¯ , into Eq. (3). The damage variable under amulti-axial stress state
s then obtained as (Zhu and Tang, 2004; Wang et al., 2011):
=
⎧⎪⎪⎨
⎪⎪⎩
0 (ε¯ > εt0)
1 − εt0
ε¯
(εtu < ε¯ ≤ εt0)
1 (ε¯ ≤ εtu)
(6)
To study the damage of elements subjected to compressive and
hear stresses, theMohr–Coulomb criterion, given below,was used
s the second damage threshold (Zhu and Tang, 2004):
= 1 −
1 + sin ϕ
1 − sin ϕ3 ≥ fc0 (7)
here1 and3 are themajor andminorprincipal stresses, respec-
ively; fc0 is the uniaxial compressive strength; andϕ is the internal
rictionangleof themesoscopic element. Similarly, according to the
ohr–Coulomb criterion, the expression for the damage variable,
, with respect to the element under uniaxial compression can be
escribed as (Wang et al., 2011):
=
⎧⎨
⎩
0 (ε < εc0)
1 − εc0
ε
(ε ≥ εc0)
(8)
here  is equal to fcr/fc0 or ftr/ft0 when the element is under uni-
xial compression or tension, respectively.
Damage occurs when the element is under multi-axial stress
nd its strength satisﬁes the Mohr–Coulomb criterion. The effect
f other principal stresses during the damage evolution process
hould be considered. When the Mohr–Coulomb criterion is met,
he maximum principal strain (maximum compressive principal
train), εc0, is calculated at the peak value of maximum principal
tress (maximumcompressive principal stress) (Wang et al., 2011):
c0 =
1
E0
[
fc0 +
1 + sin ϕ
1 − sin ϕ3 − (1 + 2)
]
(9)
here  is the Poisson’s ratio.
In this respect, the shear damage evolution is only related to
he maximum compressive principal strain, ε1. The maximum
ompressive principal strain, ε1, of the damaged element can be
ubstituted for the uniaxial compressive strain in Eq. (8). Thus, Eq.
8) can be extended to the triaxial stress state for shear damage
Zhu and Tang, 2004):
=
⎧⎨
⎩
0 (ε1 < εc0)
1 − εc0
ε1
(ε1 ≥ εc0)
(10)
In RFPA2D, the speciﬁed displacement (or load) is applied on
he specimen step by step. If some elements become damaged at
given step according to the above derivation of the damage vari-
ble, ω, and Eq. (1), the damaged elastic modulus of elements at
ach stress or strain level can be calculated. Then the calculation
ust be restarted under the current boundary and loading condi-
ions to achieve the stress redistribution in the specimen. At last,
he external load (or displacement) is increased and the calculation
roceeds to the next step of the analysis. Thus, the progressive fail-
re process of rock subjected to gradually increasing static loading
an be simulated. A user-friendly pre- and post-processor is inte-
rated into RFPA2D to deal with the data input and to display the
umerical results (Tang, 1997).
In RFPA2D, the failure (or damage) of each element is assumed to
e the source of an acoustic event because the failed element must
elease its elastic energy stored during the deformation. Therefore,
y recording the number of damaged elements and the associated
l
T
t
KFig. 2. Numerical model setup for the static case.
mountof energy release, RFPA2D is capableof simulatingAEactivi-
ies, including theAEevent rate,magnitude and location. According
o Tang and Kaiser (1998), the accumulative damage, ω, can be
alculated by the following equation:
= 1
N
s∑
i=1
ni (11)
here s is the number of calculation steps, ni is the damaged ele-
ents in the ith step, and N is the total number of elements in the
odel. In addition, when the element fails, the energy released is
alculated by the following equation (Tang et al., 2007):
i =
1
2E
(21 + 23 − 213)V (12)
here i is the element number, Wi is the released elastic strain
nergy, E is the elastic modulus of damaged material, and V is the
lement volume (Tang et al., 2007).
.2. Strain-rate-dependent damage threshold
Theeffectsof strain rateon thestrengthof rockhavebeenwidely
tudied through experiments. Based on a variety of experimental
esults of granite, Zhao (2000) proposed that the Mohr–Coulomb
aw is also applicable to dynamic loading conditions if the increase
f cohesion with the strain rate is taken into account. The relation
etween dynamic uniaxial compressive strength and loading rate
an be described with a semi-log formula as follows:
cd = A log10
(
˙cd
˙c
)
+ c (13)
here cd is the dynamic uniaxial compressive strength (MPa), ˙cd
s the dynamic loading rate (MPa/s), ˙c is the quasi-static load-
ng rate, c is the uniaxial compressive strength at the quasi-static
oading rate, and the parameterA reﬂects the effect of strain rate on
hedynamic strength. In this investigation, thevaluesofA fordiffer-
ntmaterials areobtainedbasedon theassumption thatA increases
inearly with the uniaxial compressive strength (Zhao et al., 1999).
his parameter, A, in the present research is 14. In addition, this
ype of semi-log relationship has also been proposed by Grady and
ipp (1979) to study the strain-rate effect of other rocks.
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Table 1
Material properties of rock specimens for static models.
Mean compressive strength, 0 (MPa) Mean elastic modulus, E0 (MPa) Friction angle, ϕ (◦) Lateral pressure coefﬁcient, K0 Poisson’s ratio, 
200 60,000 30 0, 0.19, 0.24 0.25
Table 2
Material properties of rock specimens for dynamic models.
th (MP
g
m
M
w
r
a
ﬁ
a
e
a
FAverage Young’s modulus (GPa) Average uniaxial compressive streng
70 510
For ﬁnite element implementation, the equilibrium equations
overning the linear dynamic response of a system of ﬁnite ele-
ents can be expressed in the following form:
¨ ˙U + CU + KU = R (14)
here M, C and K are the mass, damping and stiffness matrices,
espectively; R is the vector of externally applied loads; and U, U˙
nd U¨ are the displacement, velocity and acceleration vectors of the
I
s
a
2
ig. 3. The evolution of cracks around the cavity with K0 = 0: (a) the shear stress distributia) Poisson’s ratio Ratio of compressive to tensile strength
0.28 12
nite elements, respectively. In addition, lumped mass analysis is
ssumed, where the structure mass is the sum of the individual
lement mass matrices plus additional concentrated masses that
re speciﬁed at selected degrees of freedom (Zhu and Tang, 2006).
n addition, Rayleigh damping is assumed, and direct numerical
tep-by-step integration is adopted for solving problems in which
body is subjected to a short duration impulse load (Zhu and Tang,
006; Wang et al., 2011).
on during the process of fractures’ evolution and (b) the associated AE distribution.
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For this kind of dynamic response problem, the maximum time
tep is related to the wave speed in the material and the size of
nite element. The maximum time step is selected such that the
tress wave cannot propagate further than the distance between
he element integration points within the time increment. When
he stress-rate effect is considered and the stresses (or strains)
f elements meet the maximum tensile strain criterion or the
ohr–Coulomb criterion, damage occurs according to the consti-
utive laws. Then their stress states are re-analyzed iterativelywith
espect to the current boundary conditions to reﬂect the stress
edistribution at this time step. The program will not proceed to
he analysis of the next time step until no new damaged elements
re found at the last iterative step for the current time (Zhu and
ang, 2006; Wang et al., 2011).
Validation studies using typical laboratory tests of rock and
oncrete have been conducted to test the formulation of fracture
volution and rock failure (Tang, 1997, 1998; Chau et al., 2004; Zhu
nd Tang, 2004, 2006; Wang et al., 2006, 2011). Under a variety
f static and dynamic loading conditions, the model can effec-
ively simulate some key features of rock deformation and failure
n quasi-brittle materials (such as rock and concrete); it also can
o
N
n
itionduring theprocess of fractures’ evolution and (b) the associatedAEdistribution.
imulate the nonlinearity of stress–strain response, localization of
eformations, strain softening, and crack propagation process.
. Model description
In total, four types of models were simulated in this study.
hree numerical models with a single circular cavity and with
0 values of 0, 0.19 and 0.24 were simulated. The value of K0
s deﬁned as the initial ratio of h/v, where h and v are the
mposed horizontal and vertical stresses, respectively. It is noted
hat, in practical rock engineering, values as low as these men-
ioned above are extremely uncommon with values of equal to or
reater than 1.0 being more common than not. However, current
esearch mainly focuses on the fundamental failure mechanism of
ock mass with pre-existing cavities, based on the small-scale lab-
ratory tests. The reason for only K0 values of 0, 0.19 and 0.24 are
sed in the simulations, is that we mainly investigate the effect
f higher K0 on the development of the tensile and shear cracks.
evertheless, the effect of more different values of K0 will be
umerically simulated in the futurework,which has good practical
nterests.
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pig. 5. The evolutionof cracks around the cavitywithK0 = 0.24: (a) the shear stress di
In addition, fournumericalmodelswith three cavities arrayed in
he inclined angle of 0◦, 30◦, 60◦ and 90◦ simulated. Two numerical
odels with a single circular cavity under vertical and horizon-
al dynamic compression were simulated. Finally, two numerical
odelswith three and four circular cavities under vertical dynamic
ompression also were simulated, respectively. The basic parame-
ers for the static and dynamic models are listed in Tables 1 and 2,
espectively.
In the ﬁrst stage of geotechnical deformation analysis, gravity
nd boundary loads are applied. Equilibrium should be satisﬁed,
nd deformations caused by these stresses are usually ignored.
FPA2D checks for equilibrium during the initial stage and iterates,
f needed, to obtain a state of stresses that is in equilibrium with
he prescribed boundary conditions.
In all of the sets of simulations, the domain was discretied into
roups of square elements. The stress condition of each element
as then examined for failure before the next load increment. The
wo-dimensional plane strain numerical model was chosen. The
aterial properties were determined according to theWeibull sta-
istical distribution. Most importantly, the fracture propagation in
hismodelwasneither controlledby fracture toughnessnor related
oa stress intensity factor at the advancing crack tip. The failurewas
K
F
dtionduring theprocess of fractures’ evolution and (b) the associatedAEdistribution.
olely controlled by the compressive or tensile strength of the indi-
idual elements according to the rules speciﬁedabove.Moredetails
f the numerical simulations of rocks under static and dynamic
oads have been presented previously (Zhu and Tang, 2004; Wang
t al., 2011).
. Numerical results for static models
.1. Fracture evolution around cavities with different K0
onditions
In this section, three numerical simulations with K0 value of 0,
.19 and 0.24 were carried out to investigate the fracture evolu-
ion around a single cavity in the center of the specimen (Fig. 2).
he domain of 500mm×500mm was divided into 40,000 ele-
ents with material properties following the Weibull statistical
istribution. The diameter of the cavity was 80mm. The material
arameters are listed in Table 1.
Numerical results of the evolution of fractures for models with
0 =0, 0.19 and 0.24 around a single circular cavity are shown in
igs. 3–5. Figs. 3a, 4a and 5a illustrate the shear stress distribution
uring the process of fractures’ evolution, and Figs. 3b, 4b and 5b
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aFig. 6. Curves of stress as well as AE counts and AE energy
resent the associatedAEdistribution. As seen in Fig. 3, the primary
ensile cracks were detected at the center of the cavity when the
hear stress was about 20MPa. When the shear stress was 25MPa,
ensile stress concentrations developed at points of the crown or
nvert. With an increase of external loading, the primary tensile
rack started to propagate vertically. Accompanying the appear-
nce of the primary tensile cracks, some AE events occurred in the
icinity of the cracks, which can be seen in Fig. 3b. When the shear
tress was 45MPa, some remote cracks formed in an off-set (or
emote) position away from the primary crack and cavity. This phe-
omenon was veriﬁed from the AE distribution in Fig. 3b. Clusters
f circles appeared in the position of the remote cracks, as shown
n Fig. 3a. When the shear stress was 50MPa, a shear crack formed
0◦ to the vertical tensile crack. With the increase of shear stress,
ore and more remote fractures were coalesced, and the model
ecame unstable. As a result, the cavity collapsed.
Figs. 4 and5 illustrate thenumerical results of fractures formod-
ls with K0 values of 0.19 and 0.24. Although all three types of
racks appeared in the model, due to increasing K0, the stresses at
he crown became less tensile, and the initiation of a tensile crack
ncreased with increasing conﬁnement. For instance, in Fig. 4a,
he primary tensile crack appeared when the shear stress was
5MPa, which was higher than 20MPa in Fig. 3a. However, with
he increase of the shear stress, the primary tensile crack in Fig. 4a
id not propagate further. In contrast, the primary tensile crack
n Fig. 3a increased gradually in length. In addition, in Fig. 5a, the
ensile crack was almost non-existent in the crown of the cavity.
his phenomenon can be explained by the fact that shear frac-
ures dominate the failure process of the specimen as K0 increases.
eanwhile, primary tensile fracture was distinctly depressed due
a
i
i
u(d) 0
se for models with K0 values of 0, 0.19 and 0.24 vs. strain.
o increasing shear stress. RFPA2D enabled us to distinguish tensile
racture from shear fracture according to the color of circles of AE
vents (Tang, 1997). For example, from the colors of AE in Fig. 4b,
he remote cracks were the clusters of smaller tensile and shear
ractures; however, the shear fractures dominated in this stage.
In summary, the numerical results showed the evolution of
hree types of cracks. The tensile fractures were always involved
n the mechanism of collapse. For K0 = 0, the tensile fracture dom-
nated during the process; for K0 = 0.19, both the tensile and shear
ractures occurred; for K0 = 0.24, the shear fracture dominated
he remote fracture. The numerically simulated fracture patterns
greedwith the experimental results presented by Lajtai and Lajtai
1975).
In addition, the appearances of these fractures are always
ccompanied by releases of stored strain energy, as illustrated in
ig. 6. Fig. 6 shows the interdependent effects of stress, strain,
E counts, and AE energy on fracture evolution with different K0
alues. Due to the brittle properties of the rock samples (average
lastic modulus of 60,000MPa and average compressive strength
f 200MPa) in the present numerical simulation, the numeri-
ally simulated results showed almost the same brittle post-peak
ehavior. The existence of cavities also determined nearly the
ame post-peak behavior. Each stress drop was associated with
n AE count and an AE energy release. It is clear from Fig. 6a that
he stress–strain curves of the model showed more ductile char-
cteristics due to increasing conﬁnement with increasing K0. In
ddition, the peak strength and residual strength increased with
ncreasing K0. Comparing Fig. 6a–c, the AE events decreased with
ncreasing K0, whereas the released AE energy increased grad-
ally with increasing K0. This is due to the fact that rock fails
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A: tensile zone
B: compressive zone
(Lin, 2002)
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Fig. 7. Schematic of tensile and compressive zo
asily under tension but not under compression or shear. As men-
ioned above, when K0 = 0, tensile fractures dominated, and with
ncreasing K0, shear fractures became more dominant. Accord-
ngly, due to increasing conﬁnement with higher K0, tensile cracks
ere depressed, leading to reduced AE counts, as shown in Fig. 6a.
n the other hand, shear cracks need more external energy to
orm.
.2. Interactions of multiple cavities
In this section, four numerical models with three cavities
rrayed at inclined angles of 0◦, 30◦, 60◦ and 90◦ were simulated to
tudy the interaction of multiple cavities and the evolution of frac-
ures among the cavities. The basic material parameters of these
odels were the same; the homogeneity index was 3, and K0 was
.19. In addition, in this section, we mainly study the interaction
ffect between pre-existing cavities due to static loadings. Only the
iddle value of K0 = 0.19 is selected, as in this case, both tensile and
hear cracks could develop based on the previous case of one cavity
n Section 4.1.
According toHoek and Brown (1980), Fig. 7a illustrates the rela-
ionship between the normalized stress and the ratio a/r, where r
s the radius of the cavity and a is the distance to the cavity. From
ig. 7a, when the distance from the cavity is three times more
han the radius of cavity, the inﬂuence of stress due to the exis-
ence of cavities is negligible. Therefore, the stress inﬂuence zone
s mainly concentrated on the circular region where the diameter
s six times larger than that of the cavity (Fig. 7b). Zone A repre-
ents the tensile stress zone, andZoneB represents the compressive
tress zone. Fig. 8 shows the inﬂuence of the three cavities based
n the distribution of tensile and compressive stress zones in the
pecimen. When the three cavities were arrayed horizontally, the
ensile zones did not inﬂuence each other. However, the compres-
ive zones could overlap, and the cracks could appear in those
verlapping zones.
ig. 8. Schematic of the distribution of tensile and compressive stress zones in
pecimen with three cavities (Lin, 2002).
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stributions in the specimen with single cavity.
In addition,when the three cavitieswere arranged in an inclined
rray, the compressive zones almost did not overlap; however, the
ensile zones could overlap in the inclined direction, and cracks
ould propagate along the overlapping zone. Finally, when the
hree cavities were arrayed vertically, the compressive zones did
ot inﬂuence each other, whereas the tensile zones could overlap.
Fig. 9 shows the evolution of fractures among the three cavi-
ies arrayed at 0◦, 30◦, 60◦ and 90◦. When the three cavities were
rrayed horizontally, the shear stress was 20MPa, and the pri-
ary tensile cracks initiated in the top and bottom crown of cavity
Fig. 9a). In this stage, the fracture evolutionwas not strongly inﬂu-
nced by the presence of adjacent cavities. When the shear stress
as 35MPa, remote cracks were initiated and propagated in the
verlapping compressive zones. In this stage, fracture evolution
as inﬂuenced signiﬁcantly by the adjacent cavities. A shear crack
ormed when the shear stress was 50MPa. In addition, remote
racks appeared in the tensile overlapping zones, and shear cracks
ormed along the direction of the inclined angle (Fig. 9b–d). In
his stage, the fracture process is best described as involving the
estruction of rock bridges separating the individual cavities; this
bservation is consistent with the experimental results shown in
ig. 10 (Lajtai and Lajtai, 1975).
. Numerical results for dynamic models
.1. Fracture evolution around a single cavity subjected to
ynamic loads
In this section, two numerical models with single circular
avities were subjected to vertical and horizontal compressive
tress waves to study the evolution of fractures around a cavity.
ne model was subjected to a vertical compressive stress wave.
he other model was subjected to vertical and horizontal com-
ressive stress waves, which were imposed at the same time.
ig. 11 shows the two waves that were applied to the specimens.
he 500mm×1000mm domain was divided into 80,000 material
lements with properties following the Weibull statistical distri-
ution.
The diameter of the cavity was 80mm. The basic material
arameters are listed in Table 2.
Fig. 12 shows the numerically simulated fracture evolution
round the single cavity subjected to vertical dynamic loading. The
tress wave propagated from the top to the bottom of the speci-
en. The primary tensile crack was initiated at 85s, despite theact that the ﬁrst front of the stresswave passed the cavity at 50s.
The tensile cracks from the top and bottom crown of the cavity
ropagated until the stress wave reached the bottom of the spec-
men. However, the stress wave reﬂected back when it reached
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dFig. 9. Plots of simulated maximum shear stress of three cavities with inclin
he bottom of the specimen (at 100s), and the tensile crack from
he bottom crown propagated faster than that from the top crown.
his is likely due to the fact that both the compressive wave and
he tensile wave inﬂuenced the propagation of tensile cracks. In
articular, the reﬂected wave was represented as a tensile wave,
hich accelerated the propagation of tensile cracks because rock
ad less tensile strength than compressive strength.
r
s
z
ales from the direction of the maximum compression of 0◦ , 30◦ , 60◦ and 90◦ .
Fig. 13 shows the numerically simulated fracture evolution
round a single cavity subjected to both horizontal and vertical
ynamic loadings. The horizontal compressive stress wave was
eﬂected more quickly because the width of the specimen was
horter than the height. Accordingly, both the vertical and hori-
ontal compressive stress waves could cause tensile cracks to form
ndpropagate. The remote cracks ﬁrst appeared at 80s.When the
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ertical compressive stress waves passed the cavity, the primary
ensile crack appeared (at 85s, the same time as the vertical com-
ressive stress wave in Fig. 12). At this stage, remote cracks only
ccurred above the cavity. As the tensile crack propagated from the
ottom crown of the cavity, remote cracks began to propagate in
he region under the cavity. Moreover, when the vertical compres-
ive stress wave was reﬂected from the bottom, under the effect
f both the horizontal and vertical compressive waves and their
eﬂected waves, the remote cracks and tensile cracks interacted
o form several bigger vertical cracks. In other words, the remote
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fern of cavities (Lajtai and Lajtai, 1975).
racks formed the ﬁnal vertical tensile cracks. This was different
or the static models in which the remote cracks formed the shear
racks in Figs. 3–5.
.2. Fractures evolution around multi-cavity subjected to
ynamic loading
In this section, two numerical models were examined to inves-
igate the evolution of fractures between cavities. One was the
pecimen with the three circular cavities arrayed vertically. The
ther one was the specimen with four circular cavities arrayed in
diamond. Both of these models were subjected to a vertical com-
ressive stresswave as depicted in Fig. 11. Thematerial parameters
f rock are listed in Table 2.
Fig. 14 shows the numerically simulated evolution of fractures
rom three vertically arrayed cavities. As the vertical compressive
tress wave propagated from the top to the bottom of specimen,
he primary tensile crack of Cavity 1 appeared at 80s. The pri-
ary tensile crack of Cavity 2 was initiated at 85s. Furthermore,
he tensile cracks of Cavities 1 and 2 coalesced at 90s. The ten-
ile crack of Cavity 3 was initiated when the vertical compressive
tress wave was reﬂected at 100s. In addition, the tensile cracks
f Cavities 2 and 3 coalesced at 130s. The tensile crack from the
op crown of Cavity 1 increased slowly, but the tensile crack from
he bottom crown of Cavity 1 increased more rapidly due to the
nﬂuence of the tensile crack from Cavity 2. Meanwhile, the two
ensile cracks from the bottom crown of the cavities appeared and
ropagated, which was different from the single cavity result in
ig. 12.
Fig. 15 shows the numerically simulated evolution of fractures
rom four cavities arrayed in diamond. With propagation of the
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Fig. 12. Numerically simulated failure process of the specimen with a single cavity subjected to vertical dynamic loading.
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Fig. 13. Numerically simulated failure process of specimen with a single cavity subjected to both vertical and horizontal dynamic loadings.
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(Fig. 14. Numerically simulated failure process of the specimen wit
ertical compressive stress wave from the top to the bottom of
pecimen, the primary tensile crack of Cavity 1 appeared at 40s.
he tensile cracks of Cavities 2 and 3 were both initiated at 50s.
he tensile crack of Cavity 4 appeared at 60s. In addition, the ten-
ile cracks of Cavities 1 and 4 became coalescent at 100s. At this
ime, the compressive stress wave began to reﬂect and the ten-
ile crack from the top crown of Cavity 1 started to propagate and
2
n
c
ie vertically aligned cavities subjected to vertical dynamic loading.
ivide into 3 cracks. The left crack propagated and bent to the left,
hile the middle and right cracks propagated and bent to the right
140s). Meanwhile, the horizontal cracks initiated from Cavities
, 3 and 4. The horizontal cracks propagated and coalescedwith the
eighboring vertical tensile cracks. As a result, some sets of verti-
al main cracks occurred (200s). Although the stresswaves could
nﬂuence the evolution of cracks from cavities, the cavities could
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(Fig. 15. Numerically simulated failure process of specimen with four cavi
lso change the propagation of stress waves. Accordingly, the evo-
ution of fractures from cavitieswasmore complicated. An analysis
or the effect of the cavity size taking the relationship between the
avelength and the frequency of stress waves into account is left
or future work.
. Conclusions
In this manuscript, RFPA2D was introduced brieﬂy. By using
FPA2D, a stain-rate-sensitivemodel for rock failure based on dam-
ge mechanics was implemented to simulate the evolution of
ractures from a single cavity and multiple cavities under static
nd dynamic loadings. The key conclusions are as follows:rayed in a diamond formation and subjected to vertical dynamic loading.
1) For models of a single cavity subjected to static loading, the
numerically simulated results showed that fracture patterns
consisted of nearby (primary) and remote fractures as well as
tensile and shear fractures (Fig. 1). Primary fractures formed
at the center of the crown and invert due to high local ten-
sions. Remote cracks formed in remote positions from the
cavity, while shear fractures developed where high compres-
sive stresses exist.
2) The lateral compressive coefﬁcient (K0) plays an important role
in the evolution of fractures around a single cavity and in the
stress–strain behavior of the specimens. When K0 = 0, the ten-
sile fractures dominated; with increasing K0, shear fractures
became more dominant. Both the peak strength and residual
strength increased with increasing K0.
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3) Three cavities arrayed in inclined angles of 0◦, 30◦, 60◦ and 90◦
were numerically subjected to static loading. The numerically
simulated fracture patterns of the three cavities agreed with
experimental results.
4) When the specimenswith three or four cavitieswere subjected
to dynamic vertical or horizontal compressive stress waves,
numerical results indicate that both the compressive wave and
tensile wave could inﬂuence the propagation of tensile cracks.
In particular, the reﬂectedwave accelerated the propagation of
tensile cracks.
5) Due to the existence of cavities and the propagation of fractures
from cavities, the propagation of stress waves was modiﬁed.
The numerical results represent the coupled effects between
them.
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